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LONG-RANGE  HOLOGRAPHY  FIELD  EXPERIMENTS 


INTRODUCTION 

In  1966  Goodman  et  al.  [1]  suggested  a technique  for  imaging  through  a random  me- 
dium using  wavefront  reconstruction.  Significant  improvement  in  resolution  of  the  recon- 
structed image  over  that  obtained  with  conventional  imaging  techniques  was  demonstrated 
using  a local  wavefront  distortion  near  the  imaging  system.  This  topic  received  consider- 
able attention  [2-5)  and  was  experimentally  tested  at  short  ranges  and  finally  over  a 12-km 
horizontal  path  using  a 91-cm  Cloudcroft  telescope  as  receiver  [6).  These  experiments 
suggested  that  an  improvement  in  terrestrial  imaging  was  possible  with  this  technique,  even 
though  it  is  most  suited  for  imaging  satellites  through  the  atmosphere  from  a ground-based 
station.  The  results  were  inconclusive  for  horizontal  imaging  through  the  atmosphere, 
since  no  direct  comparison  with  conventional  active  imaging  (in  which  a laser  source  is 
provided  for  target  illumination)  was  attempted.  The  experiment  described  here  was  a 
direct  simultaneous  comparison  of  active  conventional  imaging  and  holographic  imaging 
through  a horizontal  turbulent  atmospheric  path.  The  results  indicate  that  in  most  cases 
holographic  imaging  results  in  an  improvement  in  resolution  of  approximately  a factor  of 
2 but  with  increased  noise.  As  in  the  earlier  experiments,  the  main  limitation  appears  to 
be  in  the  limited  dynamic  range  of  the  recording  medium. 


BACKGROUND 

The  basis  for  the  expected  improvement  from  holographic  imaging  is  the  following. 
For  an  aberrating  medium  near  the  receiver  (Fig.  1),  the  reference  wave  R(x,y)  and  the 
object  wave  0(x,y)  both  experience  the  same  aberration;  and  the  amplitude  at  the  receiver 
can  be  written  as 

A(x,y)  = R{x,y)  e>»^(*.y)  -f  0(x,y)  (1) 

where  IF(x,y)  represents  the  effect  of  the  aberrating  medium.  The  intensity  is  then 

I{x,y)  = |A(x,y)|2  = \R\^  * \0\^  + R*0  + RO*,  (2) 

so  that  the  interference  pattern  recorded  at  the  receiver  is  the  same  as  would  be  recorded 
with  no  aberration.  Thus  the  reconstruction  from  the  hologram  should  be  free  of  aberra- 
tions due  to  the  atmosphere. 

The  conditions  under  which  image  improvement  can  be  expected  can  be  seen  in  the 
top  half  of  Fig.  2.  The  object  and  reference  are  two  mutually  coherent  point  sources  se- 
parated by  a distance  6 . The  linear  dimension  across  the  wavefront  emerging  from  the 
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aberrating  medium  for  which  the  error  is  much  less  that  X is  represented  by  A.  The  re- 
ference and  object  waves  pass  through  nearly  identical  portions  of  the  distorting  medium 
when 

which  for  a given  A holds  when  the  distorting  medium  is  sufficiently  near  the  receiver. 
The  distortions  of  both  waves  are  the  same  when  this  condition  is  satisfied;  therefore  the 
interference  pattern  at  the  detector  plane  is  the  same  as  it  would  have  been  without  the 
phase-distorting  layer. 


Kii{.  1 — Holography  through  an  aberrating  medium 


This  can  be  contrasted  with  the  situation  for  conventional  imaging  represented  in  the 
bottom  half  of  Fig.  2.  In  this  case  the  resolution  of  the  system  is  nearly  that  of  a 
diffraction-limited  telescope  with  an  effective  aperture  given  by  the  size  of  the  region  A 
measured  at  the  aberrating  medium  and  then  projected  onto  the  telescope  entrance  aper- 
ture. This  effective  aperture  is 
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In  contrast  with  Eq.  (3)  for  holographic  imaging,  which  indicates  that  the  effect  on  image 
resolution  is  least  when  the  layer  is  near  the  receiver,  Eq.  (4)  for  conventional  imaging  in- 
dicates that  the  effect  on  image  resolution  of  a turbulent  layer  is  least  when  the  layer  is 
near  the  object. 

Gaskill(3]  has  shown  that  for  homogeneous,  'sotropic  turbulence  the  short-exposure 
case  of  holographic  imaging  yields  results  with  diffraction-limited  resolution  near  the  re- 
ference. As  the  distance  of  the  object  from  the  reference  increases,  the  resolution  de- 
creases to  a final  value  2/3  that  obtained  with  conventional  imaging.  Experimental  studies 
were  performed  to  determine  the  size  of  the  isoplanatic  region  (that  part  of  the  field  of 
view  over  which  the  point-spread  function  remains  invariant)  for  the  time  averaged  case. 
For  an  86-m  path  this  was  found  to  be  about  50  mm  or  less,  and  for  a 542-m  path  this 
was  reduced  to  approximately  20  mm.  These  figures  represent  averages  for  a number  of 
tests  on  different  days;  each  test  lasted  about  1 min. 
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For  short  exposures  (less  than  10  ms)  a larger  variation  of  the  data  might  be  expected. 
Thus  it  is  impossible  to  predict  whether  holographic  imaging  would  provide  improved  re- 
solution over  conventional  active  imaging  for  horizontal  paths  through  the  atmosphere. 

The  experiments  at  NRL  were  designed  to  provide  a direct  comparison  of  the  two  tech- 
niques. 

As  has  been  pointed  out  by  Goodman  and  Lehman  (7],  a serious  limitation  of  the 
holographic  technique  is  the  limited  dynamic  range  of  photographic  emulsions  used  to 
record  the  interference  fringes.  This  can  be  overcome  by  substituting  electronic  detectors 
with  a greater  linear  dynamic  range,  digitally  processing  the  photographically  recorded 
holograms  to  extend  the  linear  range,  or  choosing  an  optimum  emulsion-and-developer 
combination  to  match  the  expected  amplitude  variations  due  to  atmospheric  turbulence. 
The  third  approach  was  the  one  chosen  because  of  the  equipment  available.  This  is  not 
the  optimum  solution,  however,  since  this  means  the  hologram  is  recorded  with  a lower 
contrast  than  would  otherwise  be  desirable,  with  a consequent  decrease  in  the  signal-to- 
noise  ratio. 
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EXPERIMENTAL  DETAILS 

The  following  subsections  describe  the  various  components  used  for  the  field  tests  as 
well  as  for  initial  laboratory  tests  performed  to  check  their  operation. 


Laser 

The  laser  selected  for  these  experiments  was  a Q-switched  ruby  system  having  an 
energy  of  approximately  500  mJ/pulse,  a pulse  length  of  50  ns,  and  a coherence  length  of 
2 m (Table  1).  The  wavelength  of  the  ruby  laser,  694.3  nm,  limited  the  selection  of  useful 
films;  nevertheless  those  available  are  adequate  in  sensitivity  and  resolution.  The  laser 
employed  an  oscillator-and-amplifier  configuration  as  shown  in  Fig.  3.  A transverse  mode 
was  selected  by  the  use  of  a 1.5-mm  aperture  in  the  oscillator  cavity.  A longitudinal  mode 
was  selected  by  the  use  of  temperature-tuned  etalons  for  both  the  front  and  real  reflectors 
of  the  oscillator  cavity.  The  front  etalon  was  at  the  same  temperature  as  the  ruby  rod, 
and  the  rear  reflector  was  held  at  a different  temperature  by  a separate  water  cooler. 

These  measures  were  found  necessary  to  achieve  repeatable  results  at  the  given  specifica- 
tions. 


Table  1 — Description  of  the  Ruby  Laser 


Wavelength 

694.3  nm 

Pulse  width* 

s;  50  ns 

Energy  (TEMqo) 

500  mJ 

Coherence  lengtht 

>2  m 

Energy  repeatability 

+ 20% 

Pulse  repetition  rate 

1 pulse  every  2 min 

Configuration 

Oscillator  and  one  amplifier 

Transverse  mode  control 

1.5-mm  aperture  in  oscillator 

Oscillator  rod 

100  mm  by  9.5  mm  in  diam 

Amplifier  rod 

178  mm  by  14.3  mm  in  diam 

Beam  diameter  out  of  amplifier 

12  mm 

*May  emit  multiple  puliei  with  varying  aeparationa. 

fApproximately  H0%  of  the  ahota  were  acceptable;  the  other  20%  exhibited  addi- 
tional logitudinal  model,  reducing  the  fringe-free  coherence  length  to  approximately 
6 cm  typically. 


MODE  SELECTOR 


Fig.  3 — Configuration  of  the  holographic  ruby  laaer 
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Extensive  tests  were  performed  to  confirm  that  the  laser  was  operating  properly.  A 
Fabry-Perot  etalon  was  used  to  monitor  the  mode  structure  for  each  pulse.  These  tests 
were  checked  in  the  laboratory  by  forming  off-axis-reference-beam  holograms  and  observ- 
ing the  reconstructions.  Secondary  modes  with  energy  10%  or  less  that  of  the  primary 
modes  were  found  to  result  in  reconstructions  with  either  faint  fringes  or  none  at  all. 

Pulse  shapes  were  also  recorded  for  each  shot.  Typical  pulse  widths  were  about  50  ns, 
but  the  system  frequently  emitted  two  or  more  pulses  with  various  separations.  These  ex- 
tra pulses  were  due  to  the  slow  switching  conditions  of  the  Pockels  cell  Q-switch  which 
were  necessary  to  obtain  the  long  coherence  length.  The  multiple  pulses  had  no  effect  on 
the  off-axis-reference-beam  hologram  made  in  the  laboratory,  and  they  did  not  show  up  as 
additional  modes  as  measured  by  the  Fabry-Perot  etalon.  They  were  a concern  however 
for  the  field  experiments,  since  the  reference  and  object  must  be  stationary  for  the  total 
time  the  pulses  are  being  emitted.  However,  no  coirelation  was  observed  between  shots 
with  multiple  pulses  and  holograms  which  reconstructed  poorly. 

Another  concern  was  the  intensity  profile  of  the  beam  emitted  from  the  laser.  This 
was  not  expected  to  cause  any  serious  problem  for  the  field  experiments,  since  the  target 
would  be  in  the  far  field;  thus  any  irregularities  in  the  profile  would  be  smoothed,  and 
the  effects  of  turbulence  causing  breakup  of  the  beam  would  predominate.  For  the  labor- 
atory experiments,  which  were  conducted  in  the  near  field,  these  nonuniformities  would 
be  important,  and  the  expanding  telescope  used  to  enlarge  the  beam  from  the  oscillator 
through  the  amplifier  was  changed.  The  standard  optics  employed  gave  an  8:1  expansion 
and  resulted  in  a 12-mm-diameter  beam  out  of  the  amplifier.  For  the  laboratory  experi- 
ments this  was  changed  to  2:1  expansion  at  reduced  energy.  This  allowed  holography  at 
30  m with  a relatively  smooth  beam  profile.  The  improvement  seen  in  Fig.  4 is  due  to 
reduced  diffraction  effects  from  less  beam  cutoff  through  the  amplifier  rod  and  the  fact 
that  the  far-field  transition  has  been  moved  in  to  approximately  15  m from  approximately 
200  m. 

The  other  parameter  measured  for  all  laser  shots  was  the  pulse  energy.  The  energy 
was  measured  using  an  uncoated  glass  wedge  as  a beamsplitter  at  the  output  of  the  am- 
plifier and  using  a photodiode  which  was  frequently  recalibrated  against  a thermopile.  To 
determine  the  coherence  length  of  the  laser,  the  holographic  setup  diagrammed  in  Fig.  5 
was  used.  Off-axis-reference-beam  holograms  of  a 2-m-long  target  board  were  taken  to 
allow  direct  measurement  of  the  depth  of  reconstruction  and  thus  the  coherence  length  of 
the  laser  pulse.  Reconstructions  of  three  typical  holograms  are  shown  in  Figs.  6a,  6b,  and 
6c  along  with  photographs  of  the  oscilloscope  trace  from  a fast  photodiode  and  photo- 
graphs of  the  output  of  a Fabry-Perot  etalon  for  each  example.  The  photodiode  shows  the 
laser  output  vs  time  and  thus  the  pulse  length  and  the  presence  of  multiple  pulses,  if  any, 
and  the  etalon  output  indicates  the  mode  structure  of  the  pulse  for  the  hologram. 


Receiver 

The  primary  component  of  the  receiver  was  a 36-cm-diameter  Cassegrainian  telescope. 
This  was  used  to  form  a conventional  image  directly  and  was  used  as  a light  collector  for 
efficiently  recording  the  hologram.  As  shown  in  Fig.  7,  a beamsplitter  allowed  simultane- 
ous recording  of  the  hologram  and  conventional  image.  The  conventional  image  was  re- 
corded in  the  usual  way,  and  the  hologram  was  recorded  with  a camera  and  105-mm  lens 
focused  on  the  corrector  plate  of  the  telescope.  The  purpose  of  the  optical  system  in  re- 
cording the  hologram  is  to  form  a reduced  image  of  the  interference  pattern  at  the  entrance 
to  the  telc8co|>e  and  match  the  energy  of  the  return  to  the  sensitivity  of  the  emulsion. 
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(a)  2:1  expansion  optics  (b)  8:1  expansion 

optics 


Fig.  4 — Laser  beam  profile  at  20  m 


Fig.  6 — Experimental  configuration  for  determining  the  coherence  length 
of  a laser  by  forming  side-reference  holograms 
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Fig.  Pli  — Results  of  a laser  coherence  test  in  the  case 
of  a double  pulse  and  broad  fringes 
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Ki(>.  7 — ImaKinK  rpci-iver.  The  upper  camera  records  the  conventional  imai;e.  The  camera  to  the 
left  with  the  lens  records  the  interference  pattern. 


The  telescope  was  tested  over  a 170-m  path  in  an  enclosed  area  to  find  the  resolution 
in  conventional  imaging.  This  resolution  was  approximately  3 cycles/mm  with  incoherent 
illumination.  In  the  field  exiieriments  this  conventional  image  was  formed  from  the  front 
reflection  off  the  beamsplitter,  which  had  a surface  figure  of  better  than  X/10;  thus  no  de- 
gradation of  this  image  would  occur  due  to  the  presence  of  the  thick  beamsplitter. 

The  hologram  was  formed  by  the  beam  transmitted  through  the  thick  beamsplitter. 

Such  a beamsplitter  introduces  considerable  aberrations  in  conventional  imaging;  however 
in  recording  holograms  these  aberrations  would  be  expected  to  lx*  minimal,  since  both  the  ob- 
ject and  reference  waves  undergo  the  same  aberration.  This  was  checked  using  a Moire 
U'chnique  descrilK'd  by  Yokozeki  & Suzuki  |81.  Holograms  were  recorded  on  film  using 
the  telescojie  with  plane  waves  for  both  the  reference  and  object  beams.  These  holograms 
consisted  ideally  of  linear  sinusoidal  amplitude  gratings  and  were  made  both  with  and  with- 
out the  thick  Iwamsplitter  present.  When  these  holograms  were  overlaid  with  a slight  off- 
s*'t.  Moire  fringes  were  readily  obst'rved.  Any  changes  in  this  interference  pattern  could  be 
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oasily  seen.  For  exaniplo,  two  short  exposures,  both  made  without  the  Ix'amsplitter,  re- 
sulted in  the  pattern  s*‘en  in  Fin.  ^he  distortions  are  due  to  turbulence  caused  l)y  the 
air-conditioninn  blowers  in  the  area.  With  longer  exposures  to  average  thes<‘  turbulence 
effects,  the  patU'rns  obtained  are  presented  in  Fig.  9.  These  show  that  the  effects  of  the 
Ix’amsplitter  are  indeed  negligible  compared  to  the  residual  turbulence  in  an  enclos<‘d  en- 
vironment. 


Kig.  8 — Moire  pattern  of  two  short-exposure  holograms  to  determine  whether 
thi-  thick  beamsplitter  had  any  effect  on  the  recorded  interference  pattern 


Recording  Media 

A major  problem  as.sociated  with  Goodman’s  earlier  experiments  was  the  limited  dy- 
namic range  of  the  photographic  film  used  as  the  recording  medium.  Propagation  of  the 
laser  Ix-ams  through  the  turbulent  atmosphere  imparts  a large  dynamic  range  to  the  inten- 
sity variations  at  the  receiver.  If  a high<’ontrast  emulsion-and-developer  combination  is 
used  for  a high  .signal-to-noist?  ratio,  then  large  areas  of  the  hologram  are  saturated  or 
effectively  unexposed.  This  results  in  a loss  of  resolution,  a loss  of  sensitivity,  and  a 
spreading  of  the  zero  order  in  the  reconstruction  of  the  hologram.  The  ust*  of  an  extremely- 
low-contrast  large-<lynamic-range  recorder  at  the  opposite  extreme  would  extend  the 
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namic  ranRc  so  that  th<*  hologram  is  lint-arily  recorded,  hut  this  would  result  in  a serious 
decrease  in  the  signal-to-nois«‘  ratio.  Hoth  of  these  combinations  were  tried  in  the  earlier 
experiments,  with  the  expected  results. 

For  this  experiment  a compromise  was  attempU'd.  Various  films  and  developers  were 
U-sted  in  an  attempt  to  determine  an  optimum  combination  for  the  ex|H‘cted  degree  of 
turbulence  {9j.  From  the  work  of  Deitz  (101  the  dynamic  range  required  for  linear  record- 
ing can  Ih*  estimated.  For  clear  weather,  atmospheric  attenuation  coefficient  ~ 0.15  km’’, 
and  strong  turbulence  (index  structure  coefficient  ^ 5 X 10" the  estimaU'  of 
the  dynamic  range  required  for  the  recording  is  about  15  dB.  For  clear  weather  with  in- 
termediate turbulence  (C„  s:  4 X 10'”  the  estimate  of  the  required  dynamic  range 

decreases  to  approximately  10  dB. 

Oompromi.ses  were  found  neces.sary  in  the  selection  of  an  emulsion-and-developer 
combination  for  field  experiments.  Kastman  2496  RAR  >iiid  2476  films  were  chosen  lie- 
cause  their  resolution  and  spectral  sensitivity  matched  I'-u'  exjHximental  requirements  rea- 
sonably well.  The  holograms  as  re<-orded  were  10  mm  in  diameter,  which  is  a linear  re- 
duction factor  of  36:1.  A point  source  1 m from  the  reference  at  a range  of  1 km  would 
produce  fring«“s  with  a spatial  fn'quency  of  50  cycles/mm  on  the  hologram.  This  is  well 
within  the  re.solution  limit  of  the  film|9|;  thus  l-m^  areas  can  be  recorded  holographically. 

Various  developers  have  lM«en  U-sted  with  this  film  to  achieve  thi'  desired  dynamic  range. 

Amplitude  transmittance  versus  exposure  is  .shown  for  2496  RAR  film  in  Fig.  10  for  three 
developers:  1)19,  1)76,  and  I’OTA.  1)19  provides  a high-contra.st  recording  which  would  ! 

give  optimum  signal-to-nois<'  ratio  in  the  reconstructed  hologram  with  low  atmospheric  tur-  i 

bulence.  I*()TA  (11)  conversely  provides  extremely  large  dynamic  range  but  low  contra.st.  r 

Thes«'  two  combinations  are  similar  to  those*  us(*(l  in  the  earlier  ex|K'riment.s.  It  was  thought  '» 


i 

•t 


Fig.  9 — Moire  pattern  of  two  long-exposure  holograms  which  averaged 
the  turbulence  from  air-conditioning  blowers  that  affected  Fig.  8 
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Fig.  10  — Amplitude  transmittancr  vs  exposure  for  Kodak  2496  RAR  film  and  three  developers 


that  the  medium-contrast  developer  1)76  would  prove  a better  choice  for  this  exix-riment; 
therefore  most  of  the  data  were  taken  with  this  combination. 

The  choice  of  2496  RAR  film  and  D76  developer  is  not  ideal,  Itecause  of  the  nonlinear 
Ty^-vs-E  curve.  As  Goodman  has  pointed  out,  an  electronic  detector  with  greater  linear 
dynamic  range  would  be  preferred.  Unfortunately  this  was  not  available. 


Target 

The  target  used  in  the  field  tests  is  shown  in  Fig.  11.  The  reference  was  provided  by 
tile  cat’s-eye  retroreflector  in  the  upper  left-hand  corner.  The  retroreflector  defocuses  the 
returning  beam  to  allow  the  desired  referenco-to-object  Ix'am-energy  ratio  of  between  4 to  1 
and  10  to  1.  The  target  portion  consists  of  five  st'ctions  of  alternating  black  strips  and 
3M  Scotchlite  strips  of  equal  width.  The  spatial  fre()uencies  were  12.5,  25,  50,  100,  and 
200  cycles/m.  Diffraction-limited  resolution  for  the  36-cm  telescope  at  1 km  range  with 
coherent  illumination  is  approximately  250  cycles/mm. 


PRELIMINARY  EXPERIMENTS 

The  various  components  were  tested  in  preliminary  experiments  at  NRL  over  a 30-m 
jiath  in  a light  tunnel.  A 25-cm-diameter  telescope  was  used  rather  than  the  36-cm-diamcter 
telescope  l)ccaus(>  of  the  difficulty  of  focusing  the  latter  at  close  range.  Results  for  a three- 
bar  USAF  resolution  target  with  no  turbulence  along  the  path  are  shown  in  Figs.  12a  and 
12b.  These  showed  that  the  conventional  image  could  be  resolved  to  the  diffraction  limit 
but  the  reconstructed  hologram  resolution  was  limited  to  half  that.  No  means  of  improv- 
ing the  holographic  resolution  could  be  found,  even  when  the  effects  of  limited  film  re- 
solution and  of  the  thick  beamsplitter  were  eliminated.  For  most  cases  this  limitation  in 
resolution  was  not  important,  since  the  resolution  for  the  field  tests  was  limited  by  other 
factors. 


Kit!.  1 > ~ Rflr<ir»-nective  tarRet  used  in  Iho  field  tests 


Localized  turbulence  was  introduced  with  heaters  placed  3 m in  front  of  the  telescope 
and  directly  below  the  path.  The  results  are  shown  in  Figs.  12c  and  12d.  The  conven- 
tional image  was  degraded  by  a factor  of  8 or  greater  in  resolution,  particularly  for  the 
horizontal  bars,  but  the  resolution  of  the  holographic  reconstruction  was  virtually  un- 
changed, although  there  was  some  decn‘ase  in  the  signal-to-nois<'  ratio.  The  resolution  of 
the  reconstruction  was  at  least  a factor  of  4 lH*tter  that  the  conventional  image. 


FIKLI)  KXPERIMENTS 

The  field  experiments  were  conducted  at  NRL’s  Chesapeake  Bay  Division  over  a 1-km 
range  (Fig.  13).  The  1-km  range  was  chosen  for  safety,  because  it  is  well  protected.  It  is 
immediately  adjacent  to  the  bay,  running  roughly  parallel  to  the  shore.  All  but  the  last 
[K)rtion  of  the  path  is  over  land,  with  the  target  being  mounted  about  2 m above  the  water 
level.  The  Udescope,  laser,  and  associated  electronics  were  in  a trailer  at  one  end  of  the  i>ath. 
The  laser  beam  was  20  cm  from  th(>  optical  axis  of  the  telescope  and  3 m above  ground 
level. 
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(a)  Conventional  image  without  turbulence  (b)  Holographic  image  without  turbulence 


(c)  Conventional  image  with  turbulence  <d)  Holographic  image  with  turbulence 

Fig.  12  — Reaulta  of  preliminary  testa  in  the  laboratory,  showing  the  comparison  of  the 
conventional  and  holographic  images  without  and  with  turbulance 


15 


BLODGETT,  EASTON.  KONCEN 


CHESAPEAKE  BAY 


There  were  257  shots  on  eight  nights  over  the  1-km  path  from  23  October  1975  to 
4 December  1975.  During  the  series  of  tests  the  laser  energy,  pulse  shape,  and  mode 
structure,  were  recorded  for  each  shot.  The  holograms  emd  conventional  images  were  re- 
cord<>d  on  either  Kastman  2496  or  2476  film.  The  trailer  was  kept  open  and  unheaU'd  dur- 
ing runs  in  an  attempt  to  avoid  a turbulence  layer  at  the  receiver  optics. 

The  laser  beam  pattern  on  the  target  was  photographed  on  each  shot  from  a range  of 
20  m,  using  Kodak  2485  film,  with  high  speed  and  low  resolution,  or  Kodak  2476  film, 
with  medium  speed  and  resolution.  The  pattern  was  photographed  in  an  attempt  to  de- 
U'rmine  correlation  between  poor  hologram  reconstruction  or  conventional  images  and  non- 
uniform  target  illumination. 

No  exU'nsive  meteorological  instrumentation  was  available  for  this  path.  Only  general 
weather  conditions  were  recorded,  and  more  detailed  information  on  the  turbulence  would 
have  been  desirable. 


RESULTS  OF  FIELD  EXPERIMENTS 

Figures  14a  through  14e  show  some  of  the  results  obtained  over  the  1-km  path.  In 
the  first  pair  of  images  (Fig.  14a)  obtained  on  a night  with  low  turbulence,  Ijoth  the  holo- 
graphic reconstruction  and  the  conventional  recording  show  resolution  into  the  fourth 
group,  which  is  nearly  twice  the  diffraction  limiU>d  value.  The  holographic  reconstruction 
is  noisier  than  the  conventional  image,  as  was  the  case  in  all  of  the  tests.  As  discussed 
earlier,  this  noisiness  could  be  improved  with  the  use  of  higher  contrast  emulsion-and- 
develojjer  combination.  For  this  particular  night  with  low  turbulence,  that  would  have  been 
a good  choice.  However  with  more  turbulence  the  dynamic  range  of  the  combination 
would  be  inadequate  to  record  the  intensity  variations. 

In  Fig.  14b  the  holographic  reconstruction  is  seen  to  give  bett«*r  resolution  than  the 
conventional  image,  in  which  not  even  the  first  group  can  be  seen.  Although  the  output 
of  a Fabry-Perot  etalon  showed  a second  longitudinal  laser  mode,  no  effect  can  be  seen 
on  the  reconstruction.  For  comparison.  Fig.  14c,  which  was  taken  only  2 minutes  after 
the  i)recee<ling  shot,  yielded  no  holographic  reconstruction,  but  the  conventional  image 
has  resolution  into  the  first  or  second  group.  Only  a single  laser  mode  was  observed.  One 
cause  for  this  reversal  is  the  much  more  intense  retroreflection  observed  in  the  conventional 
image,  which  tended  to  drive  the  hologram  recording  inUi  saturation. 
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Fin.  14a  — Simultanpous  hoioi;raphir  imaK<-  Fig.  1 4h  — Typical  pair  of  imagt-s  nbtainc-d  over 

(top)  and  conventional  image  (iKittom)  of  the  the  I -km  path 

target  ahown  in  Fig.  1 1 obtained  over  the  1km 
path  during  low  turbulence. 
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Fig,  14c  — Pair  of  images  obtained  over  the  I-km  Fig.  14d  — Selected  pair  of  images  obtained  over 

path  when  the  retroreflection  was  intense  the  1-km  path  showing  better  resolution  by  tbe 

holographic  reconstruction 
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Fi|!.  I4e  — Selected  pair  of  imaftes  obtained 
over  the  l-km  path  showing  equal  or  better  re- 
solution by  the  holographic  reconstruction 


Figures  14d  and  14c  show  additional  selected  results.  Although  these  images  are  not 
necessarily  typical,  in  most  cases  the  holographic  reconstruction  provided  equal  or  some- 
what better  resolution,  approaching  a factor  of  2,  than  the  conventional  image  taken 
simultaneously.  The  holographic  image  provided  poorer  resolution  when  the  retro  reflector 
illumination  was  poor  or  when  the  reference  beam  return  was  nonuniform,  which  resulted 
in  an  effective  hologram  size  considerably  less  than  the  reduced  telescope  aperture. 

One  additional  tt!8t  was  performed  at  a 4-km  range  on  an  overwater  path  with  a lar-  ! 

ger  target.  The  data  from  this  experiment  indicate  a Ix'am  breakup  so  severe  than  in  many 
instances  the  retroreflector  was  not  illuminaU'd  (Fig.  15b)  and  hence  no  hologram  could 
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Ix'  formed.  In  those  instances  when  a return  from  the  retroreflcctor  was  present,  it  was 
attain  severely  broken  up  by  tbe  atmosphere,  resultinu  in  a (treatly  reduced  effective  holo- 
ttram  size.  In  all  of  these  tests  at  the  4-km  range  the  most  that  could  be  observed  in  either 
the  holographic  reconstruction  or  the  conventional  image  was  the  general  shape  of  the 
target. 


mNCLUSIONS 

These  experiments  on  imaging  through  a horizontal  terrestrial  path  indicate  that  al- 
though holographic  imaging  as  opposed  to  conventional  active  coherent  imaging  shows  some 
improvement  in  resolution,  its  use  is  not  warranted  in  most  circumstances.  Its  use  is  not 
warranted  primarily  because  of  the  decreased  signal-to-noiso  ratio  and  the  presence  of  the 
twin  image,  which  in  some  target  configurations  confuses  the  information  in  the  recon- 
structed hologram.  These  problems  may  possible  be  overcome  by  electronic  imaging  de- 
U'ctors  which  increase  the  dynamic  range  of  the  recorded  hologram  and  by  the  local- 
reference-beam  technique  or  a modification  to  provide  a reliable  reference  source. 

In  the  l(x-al-reference-beam  technique  (12)  the  reference  wave  required  for  forming 
the  interference  fringes  of  the  hologram  is  derived  from  the  light  reflected  from  the  ob- 
ject itself.  In  the  original  local-reference-beam  demonstration  the  return  beam  from  the 
object  was  divided  using  a beamsiilitter,  with  one  part  focused  to  a small  image  of  the 
object  using  a lens  or  curved  mirror.  This  small  image  served  as  a “point  sourci*”  for  the 
reference  beam  required  for  the  hologram  and  was  recombined  with  the  other  jiortion  of  the 
object  wave  at  the  jihotographic  emulsion.  On  reconstruction  the  hologram  was  illumi- 
nated with  a true  jioint  source,  but  distortions  resulted  becaust'  the  reconstruction  beam 
did  not  duplicate  the  original  reference  wave.  These  distortions  can  be  significantly 
reduced  by  using  this  technique  to  form  an  image-jilane  hologram  |13].  In  this  case  the 
object  wave  is  focused  on  the  hologram  during  recording  while  the  reference  beam  is  still 
a quasi  {)oint  source  formed  by  focusing  the  other  jxrrtion  of  the  object  wave  to  a greatly 
reduced  image  of  the  original  object.  The  advantage  that  the  image-jilane  hologram 
offers  is  an  insensitivity  to  reference  source  size;  therefore  high-resolution  hologram  recon- 
structions should  lx>  possible  with  this  technique. 

Kmployment  of  this  technicjue  for  long-range  holography  would  remove  the  dejien- 
dance  on  the  pres<>nce  of  a strong  glint  from  the  target  and  could  make  it  possible  to 
sejiarate  the  twin  images  in  the  reconstruction  by  jiroviding  a sjiatial  offset  for  the  refer- 
ence wave.  I^arge  variations  in  the  inUmsity  of  the  return  across  the  receiving  afierture 
however  would  still  contribuU'  to  a decrease  in  the  signal-to-noise  ratio  of  the  reconstruc- 
tion. In  addition  an  increeise  in  the  reference-wave  offset  angle  would  require  a higher 
resolution  film,  which  would  generally  be  less  sensitive. 
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